s Abstract Recent developments in scanning tunneling microscopy studies of the electronic properties of single-walled carbon nanotubes are reviewed. A broad range of topics focused on the unique electronic properties of nanotubes are discussed, including (a) the underlying theoretical description of the electronic properties of nanotubes; (b) the roles of finite curvature and broken symmetries in perturbing electronic properties; (c) the unique one-dimensional energy dispersion in nanotubes; (d ) the nature of end states; (e) quantum size effects in short tubes; ( f ) the interactions between local spins and carriers in metallic systems (the Kondo effect); and (g) the atomic structure and electronic properties of intramolecular junctions. The implications of these studies for understanding fundamental one-dimensional physics and future nanotube device applications are discussed.
INTRODUCTION
Single-walled carbon nanotubes (SWNTs) have aroused great excitement as unique systems for understanding one-dimensional (1D) physics and for building carbonbased nanoelectronics (1) (2) (3) (4) . The inherent high aspect ratio of SWNTs makes these materials ideal scanning probe microscope tips (5, 6) , and mechanical measurements have demonstrated that carbon nanotubes have the largest Young's modulus of any known material (7, 8) . However, it is the electronic properties of SWNTs, which depend uniquely on geometric structure, that are arguably the most significant characteristic of this material. A single SWNT can be either metallic or semiconducting (9) (10) (11) (12) (13) (14) (15) , depending only on diameter and chirality, although the local carbon-carbon bonding remains constant. The ability to yield both metallic and semiconducting forms without doping is unique among solid-state materials, and has led to speculation that SWNTs might thus serve as a building block for carbon-based electronics (4) . 0066 -426X/02/0601-0201$14.00
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OUYANG HUANG LIEBER A large number of measurements have been carried out in attempts to verify the remarkable electronic properties predicted for SWNTs (13, 14, (16) (17) (18) , although the first clear elucidation of metallic and semiconducting SWNTs was obtained from scanning tunneling microscopy (STM) studies (13, 14) . STM has proven to be exceptionally well suited for the elucidation of the fundamental electronic properties of SWNTs because it can determine simultaneously both the atomic structure and local electronic density of states (DOS). Initial STM studies of SWNTs focused on the interrogation of the basic relationship between atomic structure and electronic properties (3, 13, 14) , and subsequently investigated the structures of SWNT ends and the consequences of finite size (3, 19, 20) . Most recently, STM investigations have begun to address more fundamental issues about the electronic properties of SWNTs (15, (21) (22) (23) , including the determination of unique 1D energy dispersion predicted for this material.
Herein, we review the fascinating electronic properties of SWNTs and discuss the implications of these properties for future electronics. The review is organized as follows: First, a π-only tight-binding scheme is presented to explain the basic electronic properties of SWNTs and to provide a framework for interpreting STM studies; second, experimental and theoretical studies addressing the roles of finite curvature and broken symmetries in perturbing the electronic properties of SWNTs are discussed; third, studies of energy-dependent resonant scattering, which enable the unique 1D energy dispersion to be characterized, are presented; fourth, the structure and electronic states of SWNT ends and quantum effects in finite size SWNTs are discussed; fifth, the interactions between local spins and carriers in metallic and finite size SWNTs are described; and sixth, the atomic structure and electronic properties of intramolecular semiconductor-metal and metal-metal junctions are presented. In concluding, implications of these studies for understanding fundamental 1D physics and future nanotube device applications are discussed.
THEORETICAL BACKGROUND
A SWNT can be viewed as a seamless cylinder obtained by rolling-up a single layer of a two-dimensional (2D) graphene sheet. The SWNT is uniquely characterized by the roll-up vector, C h = na 1 + ma 2 ≡ (n, m), where a 1 and a 2 are the graphene primitive vectors and n, m are integers ( Figure 1) . The translation vector, T, is directed along the SWNT axis and perpendicular to C h ; the magnitude of T corresponds to the length of the (n, m) SWNT unit cell. Once (n, m) is specified, other structural properties, such as diameter (d t ) and chiral angle (θ ), can be determined: d t = (3 1/2 /π)a cc (m 2 + mn + n 2 ) 1/2 ; and θ = tan
, where a cc is the nearest-neighbor carbon atom distance of 0.142 nm. Among the large number of possible C h vectors, there are two inequivalent high symmetry directions. The two high symmetry tubes are called zigzag and armchair (Figure 1 ), and are designated by (n, 0) and (n, n), respectively. These tubes are achiral; however, when C h lies along a lower symmetry direction, the corresponding SWNTs will be chiral.
STM STUDIES OF NANOTUBES
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The electronic band structure of SWNTs can be analyzed using a tight-binding model, in which hybridization effects due to the finite curvature of the tube structure are ignored. With this approximation the tight-binding Hamiltonian H(k) is (24) :
where γ 0 is the amplitude of the nearest-neighbor overlap integral, and r i (i = 1, 2, 3) are the bond vectors of the graphene sheet. The π and π * band energy dispersions obtained using this model are:
where + (−) corresponds to the π * (π ) bands. Figure 2a shows the 2D graphene sheet band structure in the first Brillouin zone obtained from Equation 2. The Fermi surface of graphene sheet determined from H(k F ) = 0 is reduced to the six corners (K B ) of the hexagonal first Brillouin zone (Figure 2b ). Because there are two atoms per unit cell, the valence band of graphene is completely filled.
The 1D band structure of a SWNT can be derived from this 2D model by imposing periodic boundary conditions. All allowed wavevectors k are quantized in the direction perpendicular to the rolled-up vector C h : k•C h = 2πq, where q is an integer. Therefore, only a particular set of lines, which are parallel to the corresponding tube axis with a spacing of 2/d t , are allowed (Figures 2c, 2d) . If the allowed wavevector passes through Fermi points K B of the graphene sheet, the SWNT is predicted to be metallic, and otherwise semiconducting. From the criteria K B •C h = 2π q, we thus expect: n − m = 3q: metallic n − m = 3q: semiconducting.
3.
The 1D band structure of SWNTs can be constructed by zone-folding the 2D graphene band structure into the 1D Brillouin zone of a (n, m) SWNT (1, 19) . The allowed states for the (n, m) SWNT lie on a set of parallel lines in the reciprocal space along the tube axis. The first Brillouin zone of a (n, m) SWNT is determined from the translation vector T with the length of 2π/|T|; that is, the segment between ±π/T ( Figure 3) . The π and π * bands of the SWNT are obtained by assuming the values of Equation 2 along this line segment. The remaining bands are generated by zone folding using:
where N is the number of hexagons in the nanotube unit cell, which is determined by N = |C h × T|/|a 1 × a 2 |.
The DOS of SWNTs can be computed from the band structure by summing the number of states at every energy level ( Figure 3 ). The calculated DOS of SWNTs exhibit a distinct signature of 1D systems; that is, divergent singularities that are commonly referred to as van Hove singularities (VHS) (25) . In three dimensions (3D), VHS should appear as kinks, although in 2D they appear as stepwise discontinuities. Hence, the VHS in 1D SWNTs represent well-defined (spikelike) features that should enable direct clear comparisons between experiment and theory.
Lastly, there are several other important characteristics of the electronic properties of SWNTs suggested by π -only tight-binding models (3, (26) (27) (28) . First, the DOS at E F has a zero value for semiconducting SWNTs (n − m = 3q) but is nonzero (and small) for metallic SWNTs (n − m = 3q). Second, the VHS spacing has a characteristic 1-2-4 pattern from E F (with spacing 1ξ -2ξ -4ξ ) for semiconducting SWNTs, and 1-2-3 from E F (with spacing 3ξ -6ξ -9ξ ) for metallic SWNTs, where ξ = 2π/3|C h |. Third, the first VHS band gaps for semiconducting and metallic SWNTs are E g S = 2γ 0 a cc /d t and E g M = 6γ 0 a cc /d t , respectively, and are independent of chiral angle θ to first order.
INITIAL SCANNING TUNNELING MICROSCOPY STUDIES
The first studies that directly addressed these theoretical predictions were carried out by Odom et al. (13) and Wildöer et al. (14) using low-temperature STM. These initial STM studies characterized both the atomic structures and the DOS of individual SWNTs and SWNTs packed in bundles, and showed the existence of both semiconducting and metallic SWNTs for a wide range of structures as predicted by theory. Subsequently, Kim et al. (19) and Odom et al. (3) reported the first detailed comparisons of experimentally determined SWNT VHS with tightbinding calculations for metallic and semiconducting tubes. The good agreement between theory and these experiments showed that much of the physics of SWNT band structure is captured by the simple π-only model. However, other important issues, such as the effects of finite curvature and broken rotational symmetry, which are essential to a complete understanding of the electronic properties and potential device applications of SWNTs, were not addressed. We examine these and other fascinating questions below.
FINITE CURVATURE EFFECT OF SINGLE-WALLED CARBON NANOTUBES
Theoretical Models
As the diameter of a SWNT decreases, the hybridization between orthogonal molecular orbitals cannot be neglected. For a SWNT with sufficiently small diameter, the hybridization of σ , σ * , π and π * orbitals can be quite large (29) . Full-valence tight-binding calculations (30) (Figure 4) . In general, when the bond symmetry of neighboring carbon atoms is broken, the corresponding nearest-neighbor overlap integral, γ 0 , is no longer constant and can be expressed as γ i = γ 0 + γ i (i = 1, 2, 3). Here, the γ i are estimated from misalignment angle α, which describes the misorientation of neighboring atoms (Figure 4a ) and is determined by the local curvature. The corresponding Hamiltonian can be written as
where the Fermi points with curvature are given by H (k F ) = 0. For small changes of γ i , we expect that the shift of k F is small and can be given as
The magnitude and direction of k F enable the role of curvature to be quantified. For a metallic zigzag (n, 0) SWNT, the magnitude is:
and the direction of k F is perpendicular to the tube axis along the circumferential direction c (Figure 4b ). From this shift the energy gap width can be defined as
where R is the radius of the SWNT. In addition, the energy dispersion near E F under finite curvature effect remains linear,
and thus the DOS near E F can be expressed as a universal function (28, 34) :
for |E| > E c g 0 for |E| < E c g .
9.
In summary, our Fermi-point shifting model predicts that metallic zigzag tubes are in fact small gap semiconductors.
We have also applied this model to armchair (n, n) SWNTs with finite curvature ( Figure 4c ). In contrast to zigzag SWNTs, the symmetry of armchair SWNTs requires that k F is perpendicular to c and along the tube axis. Hence, even with finite curvature, the new Fermi points of an armchair SWNT still lie on the allowed wavevectors and suggest that an isolated armchair SWNT will remain truly metallic.
Experimental Studies of Curvature-Induced Gaps
Ouyang et al. carried out the first direct studies of curvature-induced gaps in SWNTs using low-temperature STM (15) . Figure 5a shows a typical atomically resolved image of a (15, 0) SWNT. The VHS determined experimentally and calculated using a π-only tight-binding model show excellent agreement (Figure 5b ), and suggest that finite curvature does not perturb the larger energy features of the SWNT electronic structure. However, these data also show a reduction in the DOS or gap-like feature near E F . High-resolution normalized tunneling spectra, which are proportional to the local DOS, clearly show that the local DOS at E F are reduced to zero (i.e., a true energy gap) with sharp increases at energies that depend inversely on the zigzag tube radius. Values of the energy gaps for different zigzag SWNT radii were determined using Equation 9 broadened with a Gaussian convolution to account for instrumentation and temperature effects ( Figure 6 ) (15), and are well fit by the 1/R 2 dependence predicted by Equation 7. Lastly, these studies have enabled γ 0 to be determined independently by studying the radius dependence of gap widths. The value obtained from a fit to Equation 7, 2.60 eV, is in good agreement with the range of 2.5-2.7 eV determined in earlier STM studies (13, 14) . In summary, these experimental studies have shown conclusively that predicted metallic (n, 0) SWNTs are actually narrow gap semiconductors.
BROKEN SYMMETRY: ARMCHAIR SWNTs
The Fermi-point shifting model suggests that finite curvature will not affect the metallic nature of isolated armchair SWNTs. This suggestion is consistent with atomically resolved, low-temperature STM investigations ( The appearance of pseudogaps in the armchair SWNTs is at first glance surprising, but can be understood in terms of the broken n-fold rotational symmetry of armchair SWNTs due to interactions in a bundle (15) (Figure 8c) . Briefly, in an isolated armchair SWNT, π and π * bands have different parity under reflection and cross at the E F without opening a gap (27) . However, when the armchair tubes are packed into a bundle, strong tube-tube interactions (26, (35) (36) (37) (38) will break rotational symmetry and enable mixing of π and π * bands and the formation of a pseudogap at E F . Theoretical studies of armchair SWNT bundles (26, (35) (36) (37) (38) have predicted the existence of pseudogaps at E F , and our measured pseudogaps have similar magnitudes (Figure 8b ). In addition, our experimental data exhibit a weak inverse dependence on SWNT radius, which is qualitatively consistent with theoretical predictions (37) . However, deviations between experiment and theory are also clear when making detailed comparisons. One possible origin for these differences is that STM experiments were carried out on SWNTs at the surfaces of bundles, whereas theoretical calculations have been based on periodic lattices with higher local coordination. Future calculations carried out on structures accurately modeling STM experiments should help to address such differences.
Lastly, our experimental studies enable several important points to be addressed. First, experimental evidence for true 1D metallic behavior in isolated armchair tubes on Au(111) substrates implies that the tube-substrate interaction does not perturb strongly the band structures of nanotubes (3) . Second, the presence of sizeable pseudogaps in armchair tube bundles will modify electrical transport, and the very low DOS at E F will make extended states in such tubes susceptible to localization. From a positive perspective, the existence of pseudogaps in armchair SWNTs should make these samples sensitive to doping, which may enable their use in sensor applications.
1D ENERGY DISPERSION
SWNTs are predicted to exhibit a unique linear energy dispersion at low energies (E/γ 0 1), which contrasts with the parabolic dependence expected from a conventional free-electron picture, and will impact significantly electronic behavior near E F . In the case of isolated armchair (n, n) SWNTs, their metallic nature arises from the linear crossing of π and π * energy bands at E F . However, experimental determination of this important characteristic of the band structure has been lacking. Use of conventional momentum analysis methods, which average over substantial area, is difficult because SWNT samples consist of a wide range of structures each with different energy dispersions (3, (13) (14) (15) 39) . STM, which can be used to interrogate individual nanotubes and has been used previously to determine the energy dispersions of 2D surface states on metals (40, 41) and semiconductors (42, 43) , can, however, address this critical point.
Modulations in the local DOS of 1D metallic SWNTs near defects (3, 23, 44) and at the tube ends (45) have been observed in STM studies, and qualitatively attributed to the interference between incident and scattered electron waves in the nanotubes. However, these studies did not investigate the energy dependence of the DOS modulations, which would be needed to probe the 1D energy dispersion. Ouyang et al. first applied the STM to elucidate the 1D energy dispersion of SWNTs by characterizing in detail energy-dependent quantum interference of electrons scattered by defects in metallic nanotubes (22) .
High-resolution STM images (Figure 9a ) of an armchair SWNT with a defect show clearly a strong modulation in the DOS around the defect with a period larger than that of the armchair atomic lattice. Tunneling spectra (Figure 9b ) recorded away from the defect (∼8 nm) exhibit the VHS features characteristic of an isolated (13, 13) SWNT. Significantly, tunneling spectra recorded near the defect region show nine additional low-energy peaks (Figure 10 ). The most striking aspect of these peaks in the DOS is that their amplitude varies along the SWNT axis; these oscillations can be seen clearly in plots of the DOS vs. position for fixed energies ( Figure 11 ). Qualitatively, these data also show that the oscillation wavelength decreases as the energy increases.
The observation of DOS oscillations at specific energy values is consistent with resonant electron scattering. Resonant scattering from defect-related quasibound states has been reported in recent SWNT theoretical studies (46) and transport measurements (47) . We have developed this idea to understand quantitatively the DOS oscillations observed in STM studies (22) . First, a specific energy-dependent oscillation is modeled using a 1D plane wave e ikx (where x is position) with an energy equal to that of a defect quasibound state and incident on the defect at Figure 9 . Curves start at the central defect position (white arrow position in Figure 9 ) and progress along the upper left portion of the nanotube. x = 0. Second, the incident plane wave can resonantly backscatter from the quasibound state with a reflectivity |R| 2 (R = |R|e −iδ , where δ is the phase shift). The corresponding standing wavefunction is written as ψ(k, x) = e ikx + |R|e
, which corresponds to a spatial oscillation in the DOS, ρ(k, x):
In addition, processes such as electron-electron (e-e) and electron-phonon (e-ph) interactions can dephase the wave and lead to a decay of the interference (48) . Including a phenomenological dephasing coherence length l ϕ , we rewrite ρ(k, x) as:
We have found this model provides excellent fits to all energy-dependent oscillations ( Figure 11 ) (22) . Significantly, these fits provide values for E(k) vs. k, and demonstrate that this dispersion is indeed linear near E F ( Figure 12 ). The experimental energy dispersion agrees well with the linear dispersion predicted for armchair SWNTs (27) , |E(k)| = (3/2)a cc γ 0 |k − k F |. Such fitting also yields values of γ 0 = 2.51 eV and k F = 8.48 ± 0.05 nm −1 . This γ 0 value is in good agreement with previous experimental values from STM studies (13) (14) (15) , and the value of k F is consistent with the predicted value k F = 2π/ (3 3/2 a cc ) = 8.52 nm −1 for an armchair SWNT (1). In addition, deviations in the fits close to the defect exist, although these are likely due to the simplified model used to treat defects; more detailed theoretical treatments that explicitly account for defect structure could provide further insight into this issue in the future.
Lemay et al. recently also reported an STM study of 1D energy dispersions of metallic SWNTs by imaging the wavefunctions in finite size (∼40 nm) nanotubes (49) . The physical principle behind this study is actually the same as our quantum interference method: the ∼40-nm-long tubes can be taken as the system with two defects (both ends), which act as the total or partial reflection boundary for those two pairs of Bloch waves, and therefore the defect scattering picture still holds. However, this study focused on chiral tubes packed in a bundle and neglected the significant effects of finite curvature and tube-tube interactions reviewed above. These important issues will need to be evaluated to draw more meaningful conclusions in the future.
In the case of the data of Ouyang et al. (22), comparison of the experimental energy dispersion with the band structure calculated for a (13, 13) SWNT reveals an excellent agreement between reported experimental data and theoretical π * band, but no data overlap with the π band. The absence of the π band can be understood in terms of parity matching (50) , and further reveals an interesting but important relationship between the defect parity and the symmetry of the energy bands in armchair SWNTs. Specifically, the π and π * bands of armchair SWNTs have opposite parity because they are constructed from rotationally invariant combinations of symmetric and antisymmetric sums of p z orbitals. Therefore, if the defect in Figure 9 has odd parity, electrons in the π band (even parity) will not be scattered by the defect, whereas electrons in the π * band (odd parity) can be scattered when their energies match a defect quasi-bound state. This interesting parity effect was supported by several observations: (a) The defect does not break the structural symmetry of the SWNT [i.e., both sides of the defect are consistent with (13, 13) armchair nanotubes], which prevents mixing of π and π * bands; (b) analysis of the position-and energy-dependent local DOS data obtained from the other side of the SWNT yields the same π * energy dispersion as plotted in Figure 12 . Hence, we believe resonant scattering represents an exciting approach for investigating fundamental issues of parity and symmetry breaking in 1D SWNTs.
SWNT END STATES
Similar to the surface of a 3D structure and the edge of a 2D system, the ends of SWNTs can be treated as the surface of the 1D system, which reduces the symmetry of the tube and produces corresponding end states. Therefore, to understand thoroughly the electronic properties of SWNTs, knowledge of end states is necessary. In general, there are two different types of end states (51): localized and delocalized (i.e., resonant) states. If the energy of an end state falls within the energy gap of semiconducting SWNTs, it will be localized with the wavefunction decaying exponentially into the tube. Alternatively, if the energy of the end state is coincident with a bulk band, this state can connect to the extended bulk state and is delocalized.
Kim et al. (19) reported the first detailed investigations of atomic structure and electronic properties of SWNT ends. In these studies, tunneling spectra data recorded on a metallic (13, −2) SWNT showed two new peaks at 250 and 500 meV near the SWNT end. To investigate the origin of the SWNT end state and identify the specific end structure, Kim et al. further developed different cap models of SWNTs based on the Euler's rule and isolated pentagon rule (52) , and carried out the numerical π-only tight-binding calculations for all possible models to compare with experimental data. Significantly, these studies demonstrated clearly that a specific topological arrangement of pentagons could be attributed to low energy peaks in the DOS at the SWNT end.
The decay of the end states was also quantified in this study (19) , by examining the tip-nanotube separation, h(x), as a function of position, x, which is proportional to the DOS
where k d is the characteristic inverse decay length. Comparison of experimental exp[k d h(x)] at the peak energies of 250 and 500 meV with integration of the calculated DOS showed good agreement with experimental data, with a characteristic decay length scale ∼10.2 nm (19). These functions also retain a finite magnitude in the bulk, which suggests that they correspond to resonant states. In addition, there are many open and interesting questions about the properties of SWNT ends. For example, how do the electronic characteristics of end states differ for capped vs. open ends, and how do these differences affect the coupling to metals and/or the emission of electrons? Field emission properties of nanotubes, which have been recently demonstrated (53, 54) , could be strongly influenced by the presence of localized or resonant end states (55) , and hence such fundamental knowledge could impact significantly this application area.
FINITE SIZE EFFECTS
As the length (L) of a SWNT is reduced, one ultimately will reach the limit of a molecular cluster. Changes in the electronic properties as this finite size regime is approached are of importance to our fundamental understanding and to potential applications. At first order, the effect of finite size or length can be analyzed with a 1D "particle-in-a-box" model, where a tube of length L has a set of discrete wavevectors given by k = nπ/L (n is integer), and corresponding energy level Finite size SWNTs can be prepared by using a voltage pulse between an STM tip and SWNTs to cut a long nanotube into short pieces (3) . With this technique, Venema et al. (20, 56) reported discrete energy levels due to the quantum confinement in a L ∼30 nm armchair SWNT. Odom et al. carried out more detailed and comprehensive studies of both semiconducting and metallic SWNTs, with lengths down to and below 10 nm (3). Studies of different length metallic SWNTs showed well-defined steps in I/V curves, which were attributed to the resonant tunneling through discrete eigenstates of the finite size SWNTs (Figure 13 ). The energy level spacing for 6 and 5 nm tubes, 300 and 370 meV, respectively, agreed quantitatively with the particle-in-a-box model. However, data recorded on an ultra-short 3 nm SWNT showed distinct deviation from this simple model. Both ab initio (57) and semi-empirical calculations (58, 59) have predicted that SWNTs <4 nm may deviate owing to asymmetry and shifting of the linear bands crossing at E F , which could open a gap around E F . Therefore, the unusual energy level structure observed for the 3 nm SWNT (3) could signify the transition to a system truly molecular in nature and represents an important area to address in the future. (60) . Even for a 3 nm ultra-short semiconducting SWNTs, the tunneling spectra measured in the middle of the tube shows almost the same VHS features as the bulk system. Qualitatively, the observation of semiconducting SWNTs in our studies is consistent with theoretical predictions (62) that semiconducting SWNTs have electron mean free paths of only several nanometers, and thus the distinction between bulk and finite size may be more difficult to make (63) . Nevertheless, we believe this represents an important issue, which lies at the intersection of molecular and extended systems, to address in the future.
KONDO PHENOMENA IN 1D
A fundamental issue that can now be addressed owing to the availability SWNTs is how 1D electron systems respond to a local spin; that is, the Kondo effect in 1D. The Kondo effect, which describes the interaction between a magnetic moment and conduction electron spins of a nonmagnetic host, is a well-known phenomenon that leads to anomalous transport behavior in bulk systems of dilute magnetic alloys (64) . Below the Kondo temperature, T K , electrons of the host tend to screen the local spin of the magnetic impurity, resulting in the emergence of a Kondo resonance. The Kondo resonance for 2D systems was recently observed in STM investigations of magnetic atoms on noble metal surfaces (65-67).
Odom et al. first took advantage of the metallic SWNTs as 1D metallic hosts to study the interaction between the local spin on Co clusters and extended as well as finite size SWNTs (21) . STM images showed that Co clusters could be readily observed on atomically resolved metallic SWNTs (Figure 14a) , and spectroscopy data recorded directly above a cluster exhibited a strong resonance peak near E F . Spatially resolved measurements further showed that these peak features systematically decrease in amplitude and ultimately disappear after several nanometers (Figure 14b ). The new resonance peaks were not observed with nonmagnetic Ag clusters or with Co clusters on semiconducting SWNTs (21) , which demonstrates that the observed peaks are due to the interaction of magnetic spins with the SWNT conduction electrons. In addition, analyses of the resonances revealed new information about the effect of dimensionality compared with 2D systems (65) (66) (67) . In the 2D systems, the Kondo resonance is usually evident as a dip or antiresonance in the tunneling conductance, although in the measurement of Co on SWNTs the Kondo resonance always appears as a sharp peak. This difference can be qualitatively understood in terms of the small number of continuum final states available for tunneling in a SWNT vs. a noble metal (21, (65) (66) (67) .
Finite size SWNTs have also provided an opportunity to study the Kondo effect under conditions where the energy level spacing of the conduction electrons is larger than k B T K (vs. normally k B T K in extended systems) (68). Odom et al. tackled this question clearly by characterizing the DOS on and near Co clusters before and after cutting a SWNT host to ∼11 nm (21) . The spectra recorded after cutting showed the expected finite size eigenstates separated by ∼0.15 eV (3, 21), and also showed that the peak amplitude at E F was markedly enhanced relative of the other level peaks. The enhanced conductance at E F provides evidence of how sensitive the electronic properties of metallic nanotubes are to magnetic impurities, even in finite size structures where the level spacing is much larger than k B T K .
Lastly, these experiments suggest that metallic SWNTs are ideal hosts for studying basic features of the Kondo effect in 1D systems. However, the magnetic clusters (<1 nm) explored in this first report (21) also complicate analysis compared to the ideal of a single atom spin center. In this regard, future studies of the 1D Kondo effect could benefit substantially by using single magnetic atoms or molecules that have well-defined (and controllable) spin and can be registered precisely with respect to the underlying SWNT atomic lattice.
INTRAMOLECULAR JUNCTIONS
An exciting idea in the area of nanoscale electronic devices is to create intramolecular SWNT junctions. Theoretical work suggested early on that two different tubes could be connected seamlessly by interposing one or more pentagon-heptagon (5/7) topologic defects between two nanotube segments of different helicity (69) (70) (71) (72) (73) (74) . Although some transport measurements (75) provided indirect evidence for the existence of proposed intramolecular junctions (IMJs), direct characterization of these potentially important structures was lacking until the recent work of Ouyang et al. (23) .
Analysis of atomically resolved images has enabled the identification of IMJs (23) . For example, the data in Figure 15a shows that the upper and lower portions of the nanotube have similar diameters (1.57 ± 0.07 nm) but significantly different chiral angles, where θ is −3.9
• ± 0.8
• and −10.5 • ± 0.8
• for the upper and lower portions, respectively. These data showed that the SWNT indices of the upper and lower regions were (21,−2) and (22,−5), respectively (23) , and moreover, enabled the interface between SWNTs to be modeled (Figure 15b ). Further strong evidence for this specific IMJ assignment was obtained from spectroscopy studies (Figure 15c ), which showed that the upper and lower portions corresponded to a semiconductor and metal, respectively. Hence, these results show that this IMJ is a metal-semiconductor (M-S) junction-a potentially basic building block for nanoelectronics.
The detailed interface properties of this IMJ were also investigated by spatially resolved tunneling spectroscopy (Figure 15c ). These measurements showed that this junction has a very sharp metal-semiconductor interface: the semiconducting VHS gap decays across the IMJ into the metallic segment within <1 nm, whereas the distinct spectroscopic features of the metallic tube appear to decay more quickly across the junction interface. Ouyang et al. used atomic models of the interface to compare calculated and experimentally measured DOS of this IMJ. Two low-energy structural models (Figure 15b ), which contained three and four 5/7 pairs, were analyzed. Significantly, the local DOS (Figure 15d ) obtained from tight-binding calculations for Model I agreed well with the measured local DOS across the IMJ interface, whereas Model II exhibited low-energy states around −0.10 eV not observed in experiment. Hence, it was possible to assign the structure of Model I as a reasonable representation for the observed (21,−2) − (22,−5) IMJ.
Ouyang et al. also characterized a metallic-metallic (M-M) IMJ using similar methods (23) . These studies exhibited several new features compared to the M-S intramolecular junctions. First, atomic resolution images and subsequent analysis showed that the IMJ formed between SWNTs with substantial differences in diameter: 1.23 ± 0.05 nm and d t = 1.06 ± 0.05 nm, respectively. Second, this M-M IMJ exhibited localized states at −0.55 and −0.27 eV in the junction area, and both of these states decay on a nanometer length scale into the SWNTs on either side of the IMJ. These features contrast with the abrupt, clean M-S junction described above.
Direct atomically resolved characterization of IMJs by STM has important implications for applications because it provides a clear means for assessing synthetic efforts designed to prepare specific IMJs. We believe that such work could open significant opportunity both for fundamental investigations of resonant scattering and for the controlled growth of intramolecular SWNT nanoelectronics devices.
CONCLUSIONS AND PROSPECTS
Scanning tunneling microscopy has proved an ideal tool to study the structural and electronic properties of individual and bundle SWNTs. Studies of defectfree SWNTs have shown that the electronic properties of nanotubes depend not only on radius and chirality but also on their detailed curvature and local environment. From a graphene based π-only tight-binding scheme, SWNTs with indices (n, n + 3q) should behave as metallic quantum wires. However, tunneling spectroscopy measurements made on metallic zigzag tubes showed energy gaps with magnitudes depending inversely on the square of the tube radius, whereas isolated armchair tubes do not have energy gaps and are truly metallic. In addition, armchair SWNTs in bundles exhibit pseudogaps at E F due to tube-tube interactions that break the n-fold rotational symmetry of this system. STM was also used to determine directly the unique linear 1D energy dispersion of SWNTs through the analysis of resonant scattering and quantum interference. In addition, STM was exploited as a tool to create and investigate finite size effects in SWNTs. These studies show that it is possible to access readily a regime of "0D" behavior where finite length produces quantization along the tube axis. These results suggest future opportunities to probe, for example, connections between extended and molecular structures. As one of the applications of nanotubes as 1D systems, nanotubes were found to be ideal 1D hosts for the investigation of fundamental interactions between magnetic clusters and 1D electron systems. Lastly, direct atomically resolved characterization of intramolecular junctions in as grown SWNT samples by STM demonstrated the existence of IMJs and could have important implications for the controlled introduction of defects in nanoelectronic device applications.
We believe that this review has shown that many of the overall structural and electronic properties of SWNTs are now in hand, although this has really only opened the window to this fascinating 1D system. Future efforts promise to be rewarded with answers to very fundamental scientific questions, and importantly, these results should push from a firm intellectual footing the application of SWNTs in future nanotechnologies.
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Figure 1
Schematics of graphene sheet and typical SWNTs structures. OO defines the chiral vector C h = na 1 + ma 2 ≡ (n,m). Translation vector, T, is along the nanotube axis and perpendicular to the C h . The shaded, area represents the unrolled unit cell formed by T and C h . Chiral angle, θ , is defined as the angle between the C h and (n,0) zigzag direction. Two limiting achiral cases of (n,0) zigzag and (n,n) armchair SWNTs are indicated in blue and red, respectively. Molecular models of typical armchair, zigzag and chiral SWNTs are also shown. Each experimental data point (triangle) represents an average gap value measured on a distinct (n,n) tube. Theoretical results are also shown for comparison: the solid square and dashed line correspond, respectively, to the gap value of a (10,10) tube and radius dependence of the gap widths (37) ; the open square is for a (10,10) tube from (35, 36) . And the solid circle shows the value calculated for an (8, 8) tube (26) . The (10,10) result from (38) , ∼200 meV, is off the scale. (c) Models of an isolated (8, 8) SWNT and bundle of three (8, 8) tubes, and corresponding schematics of the π and π * bands near E F .
Figure 11
Spatial oscillation of (dI/dV)/(I/V ) at all observed nine energies. The origin represents the defect position, which corresponds to the white arrow in Figure  9 . 
